The current study investigated gold dissolution in cupric chloride solution, which is one of the most promising alternatives to replace cyanide, although not yet in operation on industrial scale. In this paper, the gold dissolution reaction rate and mechanism were studied by varying the process variables of temperature (28-95°C), cupric concentration (0.02-1.0 M), chloride concentration (1-5 M), rotational speed (100-2500 RPM), and pH (0.5-2.0). The parameters affecting either the anodic or cathodic reaction, or both, were identified for the first time to the best of the authors' knowledge in this wide range and with these parameter intervals. Tafel and linear polarization methods as well as cyclic voltammetry were used for pure gold with both rotating disk and stationary gold electrodes. An increase in the gold dissolution rate was observed with an increase in temperature, chloride concentration, and rotational speed. Additionally, an increase in cupric concentration ([Cu 2+ ] = 0.02-0.75 M) promoted the gold dissolution rate, whereas the gold dissolution rate decreased with [Cu 2+ ] from 0.75 to 1.0 M. The conditions for maximizing the gold dissolution rate in cupric chloride solution were concluded to be T > 55°C, [Cu 2+ ] = 0.5-0.75 M, [Cl − ] = 5 M, and pH = 1.0 and the highest gold dissolution rate (2.9 · 10 −4 mol m −2 s −1 ) was achieved at 95°C with [Cu 2+ ] = 0.5 M, [Cl − ] = 5 M, pH = 1.0, and ω cyc = 2500 RPM. The pH was shown not to affect the gold dissolution rate at all, but only to affect the solubility of the oxidant. It was suggested that gold dissolved as aurous species in the conditions of this study, although the increase in chloride concentration promoted the dissolution of gold as both, auric and aurous, species.
Introduction
Nowadays, cyanide leaching is the predominant process in gold production from primary raw materials (Adams, 2016; Aylmore, 2005; Marsden and House, 2006) . Alternative gold leaching methods are being intensively investigated and developed, since there is only one cyanide-free process currently operating with thiosulfate at Barrick in the USA (Helm et al., 2009) . Due to a possible environmental risk in the form of an unacceptable cyanide spill, the use of cyanide has raised international concern and several countries and territories have started to ban it via legislation (Laitos, 2012) . Although many alternative solutions, such as thiourea, thiosulfate, ammonia, oil-coal agglomerates as well as halides, have been investigated in order to replace cyanide as a lixiviant, chloride solutions have been suggested to be among the most promising (Adams, 2016; Aromaa et al., 2014; Aylmore, 2005; Hilson and Monhemius, 2006) . According to Aylmore (2005) , 4% of publications on alternative lixiviants to cyanide in gold leaching were classified as oxidative chloride processes. Further, some patents have been filed for cupric chlorides in gold leaching (Abe and Hosaka, 2010; Lundström et al., 2016) . Cupric chloride complexes have been shown to provide the high oxidative power required for gold oxidation (Abe and the gold ion (Aromaa et al., 2014) . Cupric chloride, as a halide leaching method, has an advantage over cyanidation as it is capable of leaching refractory gold minerals, without pre-treatment like pressure oxidation or roasting (Angelidis et al., 1993; Lundström et al., 2015; Marsden and House, 2006; van Meersbergen et al., 1993) . Chloride solutions are also known to pose challenges with corrosive and oxidative nature, which increases the cost related to construction materials on industrial scale. Lundström et al. (2015) found Ti Gr. 2 being resistant towards uniform and localized corrosion in highly aggressive chloride solution ([HCl] = 10 g dm −3 , [Cu 2+ ] = 100 g dm −3 , [Fe 3+ ] = 5 g dm −3 , [Cl -] = 230 g dm −3 , [NaBr] = 100 g dm −3 , T = 90°C) during 4 weeks immersion. In addition, chlorides may challenge the process water balance. Therefore, the costs related to the processing may motivate the applications with higher grade raw materials.
Gold can be present in aqueous chloride solution either in monovalent aurous Au + or trivalent auric Au 3+ form (Marsden and House, 2006) . Many studies (Putnam, 1944; Nicol, 1980; Frankenthal and Siconolfi, 1982; McDonald et al., 1987; Diaz et al., 1993) have shown that gold forms aurous and/or auric ion complexes with chloride ions depending on the chloride concentration and electrode potential. Frankenthal and Siconolfi (1982) suggested that in [NaCl] = 0.1-5.4 M ([Cl -] = 0.06-3.28 M) gold dissolves as aurous ions when the potential is below 0.8 V vs. saturated calomel electrode (SCE), but as auric ions when the potential is above 1.1 V vs. SCE. These reactions of gold dissolution in cupric chloride solution are described in Eqs. (1) and (2) (McDonald et al., 1987) . The regeneration of cuprous species back to cupric can be conducted by oxygen purging as represented in Eq. (3) (Abe and Hosaka, 2010) . This reuse of oxidant via regeneration is a major advantage of chloride leaching (Abe and Hosaka, 2010) . McDonald et al. (1987) concluded that cupric ions could be described to act as a catalyst for oxidation as the regeneration of cuprous ions is reasonably fast in the presence of oxygen and acid. Therefore, combined overall reactions are described in Eqs. (4) and (5) 
However, it should be noted that the equations above are simplifications, as cuprous and cupric copper prevails commonly in chloride solutions in a complex form. The prevailing complex depends on temperature (Collings et al., 2000) and chloride concentration (McDonald et al., 1987) . Zhang et al. (2014) (Wilson and Fisher, 1981) .
The formation of auric species can occur through the disproportionation of aurous species. In previous research, this reaction has often been described as a reaction of gold cations. Schalch and Nicol (1978) stated that the disproportionation reaction, in which gold is presented as cations (Eq. (6)), is extremely slow. However, more recently, Diaz et al. (1993) proposed that AuCl 2 − complexes could oxidize into AuCl 4 − complexes by a very slow disproportionation reaction (Eq. (7)). Hiskey and Atluri (1988) stated that this disproportionation reaction occurs with low chloride concentration (i.e., 10 −2 M) based on the value of equilibrium constant K = 1.3·10 8 at T = 25°C. However, it was suggested that gold remained in aqueous solution predominantly as AuCl 2 − species when [Cl − ] > 0.1 M (Hiskey and Atluri, 1988) . Further, according to Eq. (7), an increase in chloride concentration promotes the stability of AuCl 2 − (Diaz et al., 1993) . Since the disproportionation reaction will cause back precipitation of the dissolved gold, it should be avoided by minimizing the amount of produced aurous gold that could react through disproportionation (Nicol et al., 1987) .
3 Au + → 2 Au + Au 3+
3 AuCl 2 − → 2 Au + AuCl 4 − + 2Cl −
The dissolution of gold can be affected by process variables, such as temperature, oxidant (e.g., cupric and iron) and chloride concentration, rotational speed/solution flow as well as pH. Several authors have investigated the effect of process variables on the gold dissolution rate in cupric chloride media (von Bonsdorff, 2006; von Bonsdorff et al., 2005; Lampinen et al., 2017; McCaughey, 1909; McDonald et al., 1987) . Additionally, McDonald et al. (1987) studied the effect of process variables on the solubility of gold.
Many authors have reported that temperature has a positive effect on gold dissolution (Abe and Hosaka, 2010; von Bonsdorff, 2006; von Bonsdorff et al., 2005; Lampinen et al., 2017; Lundström et al., 2016; McCaughey, 1909; McDonald et al., 1987) . In the early studies of McCaughey (1909) , it was stated that the dissolution rates of gold increased 29-42 times when the temperature was raised from 38 to 43°C to 98-100°C. Further, temperature has been reported to increase the gold dissolution rate in the following ranges: 65-95°C (Lampinen et al., 2017 ), 70-90°C (von Bonsdorff, 2006 , and 80-95°C (von Bonsdorff et al., 2005) . Different temperature ranges have been investigated and/ or suggested for the cupric chloride leaching process: ≤85°C (Abe and Hosaka, 2010) and 90-100°C (Lundström et al., 2016) . McDonald et al. (1987) stated that the dissolution rate of gold as well as the solubility of gold increased with increasing temperature in cupric chloride solutions. The solubility of gold increased from 10 to 130 mg dm −3 when the temperature was increased from 63 to 102°C.
Cupric concentration has been reported to have a positive effect on the gold dissolution rate (McCaughey, 1909; McDonald et al., 1987; von Bonsdorff, 2006; von Bonsdorff et al., 2005; Lampinen et al., 2017) . According to McCaughey (1909) , the dissolution of gold increased when the cupric concentration was raised from 1 to 2 g dm −3 (0.016-0.031 M), when [Cl − ] = 2.33-4.66 M at 38-43°C. According to Lampinen et al. (2017) , an increase in cupric concentration from 0.01 to 0.5 M improved the gold dissolution rate fourfold. Additionally, von Bonsdorff et al. (2005) stated that an increase in cupric concentration from 0.372 to 40 g dm −3 (0.006-0.63 M) increased the gold dissolution rate almost linearly. A higher cupric chloride concentration was noted to result in lower polarization resistance, while McDonald et al. (1987) achieved similar results with a cupric concentration from 6 to 38 g dm −3 (0.09-0.60 M). However, Lundström et al. (2016) suggested that cupric as low as 9-20 g dm −3 (0.14-0.31 M) may be enough for an industrial gold chloride leaching process. According to McDonald et al. (1987) , the increase in cuprous ion concentration can limit the gold dissolution rate at cupric concentrations higher than 0.6 M. This result is in agreement with von Bonsdorff et al. (2005) , who showed that with higher cupric concentrations, the dissolution rate of gold approached a plateau. However, gold dissolution has been found to decrease when the cupric ion concentration is increased from 0.5 M to 1 M (Lampinen et al., 2017) . von Bonsdorff (2006) suggested that the increase in cupric concentration promoted the cathodic reaction according to the mixed potential theory by Stern and Geary (1957) , since an increase in cupric concentration from 0.372 to 40 g dm −3 (0.006-0.63 M) increased the open circuit potential and gold dissolution rate.
Chloride concentration is known to have a positive effect on gold dissolution (von Bonsdorff, 2006; von Bonsdorff et al., 2007; Lundström et al., 2016; McDonald et al., 1987; Nicol, 1976) . The chloride concentration has a positive effect on the solubility of gold when [Cl − ] = 1.98-5.3 M, [Cu 2+ ] = 0.6 M, and T = 102°C (McDonald et al., 1987) . Nicol (1976) concluded that the gold dissolution rate increased with the increasing chloride concentration ([Cl − ] = 0.05-5 M) originating from HCl, while the open circuit potential (OCP) decreased. Therefore, it can be suggested, according to the mixed potential theory, that the increase in chloride concentration originating from the HCl promoted an anodic reaction. von Bonsdorff (2006) and von Bonsdorff et al. (2007) reported that an increase in sodium chloride concentration from 2.8 to 280 g dm −3 ([Cl − ] = 0.05-4.79 M) and even up to 300 g dm −3 ([Cl − ] = 5.13 M) promoted the gold dissolution rate, while Lundström et al. (2016) stated that gold leaching is also possible at lower chloride concentrations > 1 g dm −3 (> 0.03 M).
In the study of von Bonsdorff et al. (2007), it was stated that the mass transfer affected the gold dissolution rate more than temperature, cupric and chloride concentration, and pH (T = 70-95°C,
[NaCl] = 2.8-280 g dm −3 ([Cl − ] = 0.05-4.79 M), and pH = 1-2.5). This study was conducted electrochemically with a stationary gold electrode. In their investigations, the flow rate, which was adjusted with a pump, was varied from 0 to 300 ml min −1 resulting in a tenfold increase in the gold dissolution rate. Therefore, von Bonsdorff et al. (2007) suggested that it would be important to consider efficient stirring in order to maximize the gold dissolution rate. Lampinen et al. (2017) concluded that an increase in the rotational speed (i.e., improved mass transfer) of a gold electrode (rotating disc electrode) increased the gold dissolution rate up to 1000 RPM, whereas with ω cyc = 1000-2500 RPM, the gold dissolution rate was almost constant.
The main role of pH is to keep oxidants (i.e., cupric) soluble during leaching (Abe and Hosaka, 2010; von Bonsdorff et al., 2005; McDonald et al., 1987) . Therefore, McDonald et al. (1987) suggested that adequately acidic conditions (pH < 3) should be maintained to avoid the precipitation of Cu 2 (OH) 3 Cl, which would decrease the dissolution of gold, due to a reduction in the oxidation power of the solution. According to Haavanlammi et al. (2010) , pH values should be between 0.5 and 2.5, while Abe and Hosaka (2010) suggested that the desirable pH should be between 0.5 and 1.9. However, according to von Bonsdorff et al. (2005) and McDonald et al. (1987) , the pH did not affect the OCP nor the dissolution rate of gold when the pH was below 3.
The effect of process variables on gold dissolution in cupric chloride leaching is not yet fully understood. This paper continues the research of Lampinen et al. (2017) using a wider range of temperature and cupric concentration using smaller intervals, as well as chloride concentration and pH as new parameters. Electrochemical methods, such as linear polarization resistance (LPR) measurements using a rotating disk electrode (RDE), polarization measurements (Tafel method), as well as cyclic voltammetry (CV), were performed for pure gold in cupric chloride media. The effect of temperature, cupric and chloride concentration as well as pH on the open circuit potential and gold dissolution rate was investigated. The behavior of gold dissolution in cupric chloride media was further explored by comparing the gold dissolution rate and OCP according to the mixed potential theory by Stern and Geary (1957) . The parameters affecting either the anodic or cathodic reaction, or both, were identified. The dissolution of gold as auric and aurous gold was studied using cyclic voltammetry.
Experiments

Experimental set-up and materials used
RDE measurements were performed in a water-jacketed three-electrode cell (V = 200 ml) heated in a water bath (Lauda M3) with a solution volume of 145 ml. The working electrode was a 99.99% pure gold RDE (d = 5 mm, A = 19.6 mm 2 ) covered in a polytetrafluoroethylene (PTFE) sheath (Pine Research Instrumentation Inc.), the counter electrode was a platinum plate (A = 7.1 cm 2 ), and the reference electrode was Ag/AgCl (REF251, SI Analytics) with a potential difference of 197 mV vs. standard hydrogen electrode (SHE) (Bard and Faulkner, 1980) . For the polarization measurements, a stationary gold wire (Premion®, purity of 99.999%, A = 1.6-2.8 mm 2 ) was used as the working electrode in a three-electrode cell. CV measurements were performed in a three-electrode cell (V = 50 ml) with a 99.99% pure gold wire (d = 0.14 cm, A = 0.455 cm 2 , Kultakeskus Oy) as a working electrode, SCE reference electrode (B521, SI Analytics), and a platinum plate as the counter electrode. All the potentials in this paper are presented vs. SCE. The chemicals used in the experiments were technical grade NaCl (VWR Chemicals), NaOH (Sigma-Aldrich), and CuCl 2 ·2H 2 O (VWR Chemicals), and Ph. Eur. grade HCl (Merck KGaA).
Parameters investigated
The parameters were investigated by varying one parameter at a time, while the other parameters were fixed to T = 95°C, [Cu 2+ ] = 0.5 M, [Cl − ] = 3 M, and pH = 1.0. Further, the rotational speed of the RDE was varied in the range of 100-2500 RPM for every condition. The temperatures investigated were 28, 35, 45, 55, 65, 75, 85 , and 95°C, cupric concentrations 0.02, 0.1, 0.5, 0.75, and 1.0 M, chloride concentrations 1, 2, 3, 4, and 5 M and pH values 0.5, 1.0, 1.5, and 2.0, adjusted by HCl (4 M) or NaOH (2 M). HCl was used since it does not interfere with the process chemistry (Abe and Hosaka, 2010) . The measured responses were the LPR from the RDE measurement as well as the Tafel slope coefficients of the anodic and cathodic side from the Tafel measurement in order to calculate the Stearn-Geary constant for LPR dissolution rate calculations. CV measurements were performed in NaCl solution with chloride concentrations of 1, 3, and 5 M and pH values of 1, 2, and 3 at T = 20°C. pH was adjusted with 1 M HCl.
Electrochemical methods
RDE measurements were performed with an ACM Instruments Gill AC potentiostat using an LPR sweep with Gill AC Sequencer software (from −10 to 10 mV vs. OCP with a sweep rate of 10 mV min −1 ). The average LPR of three parallel measurements in each condition was used as the LPR value. The LPR (R p ) was determined from the slope of the potential-current density diagram, R p being inversely proportional to the dissolution current density (j corr ), as presented in Eq. (8) (Stern and Geary, 1957) .
where b a represents the Tafel slope coefficient of the anodic side (mV decade −1 ), b c the coefficient of the cathodic side (mV decade −1 ), B the systematic coefficient known as the Stearn-Geary constant (mV), and R p the LPR (Ω cm 2 ). The Stearn-Geary constant was determined from separate Tafel measurements at [Cl − ] = 0.7, 1.5, 3, and 5 M as well as T = 27, 65, and 90°C. The Stearn-Geary constant (presented in Eq. (9)) was shown to vary from 17.2 to 30.0 mV and increased when the temperature and chloride concentration was increased.
The dissolution rate can be calculated according to Eq. (10) when the dissolution current density and the number of transferred electrons during the reaction are determined. The number of transferred electrons can be defined by comparing the measured OCPs on the equilibrium potentials of Au/AuCl 2 − and Au/AuCl 4 − as presented in Fig. 1 .
The equilibrium potentials of Au/AuCl 2 − and Au/AuCl 4 − were calculated in solution with [Cl − ] = 1-5 M and [Au + / Au 3+ ] = 3.2 · 10 −8 -4.6 · 10 −6 M at T = 28-95°C as a function of temperature. Standard electrode potential, E°, values were calculated by HSC 9.2.6 and equilibrium potentials were calculated with the Nernst equation (Eq. (11)), and they were compared to the measured OCPs when T = 28-95°C, [Cu 2+ ] = 0.5 M, [Cl − ] = 3 M, and pH = 1.0. Regardless of the temperature, the measured OCPs were always higher than the equilibrium potentials of Au/AuCl 2 − , but lower than the equilibrium potentials of Au/AuCl 4 − . The only exception was observed at low temperatures (T < 35 and 45°C) with the rotational speed of 2500 and 100 RPM, in which OCPs were below the equilibrium potentials of Au/AuCl 2 − . However, at low temperatures, the dissolution rates of gold were low, therefore, OCPs at low temperatures should be compared to equilibrium potentials calculated with [Au] = 3.2 · 10 −8 M, which are lower than the OCPs. Further, OCPs closer to the equilibrium potentials of Au/AuCl 2 − suggested that the gold oxidation state of +1 was predominant in the investigated conditions. The results were in agreement with previous studies suggesting that gold dissolves as aurous gold at lower open circuit potentials and as auric gold at higher potentials (Diaz et al., 1993; Frankenthal and Siconolfi, 1982; Nicol, 1980) .
where dn A dt · represents the dissolution rate (mol m −2 s −1 ), z the number of transferred electrons during the reaction, F Faraday's constant (96,485 C mol −1 ), E the potential of the electrochemical reaction, in this case the equilibrium potential of the gold oxidation (V), E°the standard electrode potential (V) calculated by HSC 9.2.6, R the universal gas constant (8.314 J mol −1 K −1 ), T the temperature (K), [AuCl x ] the concentration of AuCl 2 − or AuCl 4 − , x the number of chloride ions involved in the reaction, and [Cl − ] the concentration of free chlorides.
Cyclic voltammetry measurements were performed in order to determine the effect of chloride concentration and pH on gold dissolution. Additionally, the ratio of auric and aurous reaction products can be defined from cyclic voltammetry measurements. An Ivium 24-bit CompactStat potentiostat was used with a scan rate of 20 mV s −1 and step size of 2 mV. In order to avoid hydrogen and oxygen evolution, the initial potential range of cyclic voltammetry measurements was from −0.5 to 2.0 V vs. SCE. The passivation of the gold surface was observed to occur at 1.47-1.71 V vs. SCE with [Cl − ] = 1-5 M. Therefore, the effect of chloride concentration was investigated with potentials of 0.85 and 1.0 V vs. SCE at the highest in order to avoid the passivation of the gold surface.
Results and discussion
Effect of temperature
Temperature as well as rotational speed (i.e., improved mass transfer) were shown to promote the dissolution rate of gold, see Fig. 2(a) . The effect of temperature was in line with the literature (von Bonsdorff, 2006; von Bonsdorff et al., 2005; Lampinen et al., 2017; McCaughey, 1909) . Fig. 2(b) presents OCP as a function of temperature showing that the OCPs increased significantly at T > 45°C, although the OCPs moderated to 0.59 V vs. SCE when the temperature exceeded 75°C. The logarithm of gold dissolution rate showed quite a linear dependency to OCP, although showing the limiting OCP value to be around 0.59 V vs. SCE, see Fig. 3 . This phenomenon can be explained by the powerful increase in anodic gold dissolution at higher temperatures. The result was in line with the results presented by Diaz et al. (1993) , which showed that the dissolution of gold is accelerated significantly when the potential of the system exceeded approximately 0.55 V vs. SCE. However, according to the mixed potential theory, it can be suggested that up to 55°C, an increase in temperature promoted the cathodic cupric reduction reaction, as both the OCP and gold dissolution rate increased. However, at higher temperatures (i.e., 65-95°C), the OCP was almost constant but the dissolution rate increased significantly. Assuming that the cathodic reaction rate continues to increase with temperature, the anodic reaction rate increases more rapidly at temperatures above 55°C. It can be suggested that in order to promote efficient gold leaching, the temperature should be set to at Fig. 4(a) shows that the gold dissolution rates increased when the cupric concentration increased from 0.02 to 0.75 M at all rotational speeds. In previous studies by McDonald et al. (1987) and von Bonsdorff et al. (2005) , it was also observed that an increase in cupric concentration up to 0.6 and 0.63 M increased the gold dissolution rate; however, higher cupric concentrations were not investigated. In this study it was found out that the gold dissolution rate decreased when the cupric concentration was further increased up to 1.0 M. Additionally, previous quartz crystal microbalance (QCM) results ([Cu 2+ ] = 0.02-1.0 M, ω cyc = 50 RPM, T = 95°C, [Cl − ] = 3.0 M, and pH = 1.0, Seisko et al., 2017) are shown in Fig. 4(a) , and these results suggested that gold dissolved as aurous gold, since the magnitude of QCM dissolution was similar to RDE when the number of transferred electrons during the reaction was one. Although Lampinen et al. (2017) and Seisko et al. (2017) observed that the gold dissolution rate decreased at high cupric concentration (1.0 M), it should be noted that they did not study any cupric concentrations between 0.5 and 1.0 M in more detail. Fig. 4(b) shows that the OCP increased up to [Cu 2+ ] = 0.5 M, but then decreased slightly up to [Cu 2+ ] = 1 M to 0.59 V vs. SCE.
Effect of cupric concentration
The logarithm of gold dissolution rate was shown to increase linearly when the OCP increased as a function of cupric concentration, see Fig. 5 . The OCP as well as gold dissolution rate increased as a function of cupric concentration from 0.02 to 0.5 M. This may be due to an enhanced cathodic reaction, in this case the reduction of cupric ion. With [Cu 2+ ] = 0.5-0.75 M, the OCP decreased, but the gold dissolution rate increased, which indicates that anodic gold dissolution was promoted. At [Cu 2+ ] = 0.75-1.0 M, OCP and gold dissolution rate decreased. According to the mixed potential theory, this means that the cathodic reaction rate (Cu 2+ reduction) decreased. It can be concluded that the optimal initial cupric ion concentration is around 0.5-0.75 M according to gold dissolution rates. Fig. 6(a) shows that the gold dissolution rate increased as the chloride concentration (1-5 M) and rotational speed (300-2500 RPM) increased with a reaction order of approximately 1.6. A positive correlation between chloride concentration and gold dissolution rate was in line with previous studies by von Bonsdorff (2006) and von Bonsdorff et al. (2007) . Fig. 6(b) shows that the OCP also had a linear dependency on chloride concentration, increasing up to 5.0 M. Fig. 7 represents the dependency of the gold dissolution rate on the OCP, showing that the logarithm of gold dissolution rate had a linear dependency on the OCP when the chloride concentration was changed from 1 to 5 M. Additionally, an increase in rotational speed (i.e., improved mass transfer) increased the gold dissolution rate. Further, an increase in chloride concentration resulted in the formation of cupric chloride complexes, such as CuCl 2 0 , CuCl 3 − and CuCl 4 2− , which have a higher standard electrode potential (E°) when compared to the E°of Cu 2+ reduction. Hence higher equilibrium potentials also supported higher kinetics in gold leaching. Therefore, it can be suggested that the cathodic reaction, in this case the reduction of cupric ion, was enhanced at higher equilibrium potentials.
Effect of chloride concentration
Additionally, CV measurements were performed in order to investigate the effect of chloride concentration on current density (i.e., gold dissolution rate). The maximum potential was 0.85 V vs. SCE and no copper as oxidant or rotation was used in these tests. As presented in the results of Diaz et al. (1993) , the anodic peaks of auric and aurous gold overlap, since they occur within a similar potential range. A similar result was observed in this study, since there occurred only one anodic peak, but two cathodic peaks, as presented in Fig. 8 . An increase in chloride concentration was shown to increase the current density of the anodic peak, therefore, it can be suggested that total gold dissolution is promoted at higher chloride concentrations. However, it is not still clear whether both the aurous and auric dissolution of gold, or only one of them is enhanced.
Since the anodic peaks overlapped, the cathodic peaks of gold should be considered when investigating the occurrence of aurous and auric dissolution. The reduction of aurous gold was observed at potentials of 0.3-0.58 V vs. SCE as well as peak maxima at 0.48-0.52 V vs. SCE, see Fig. 9(a) . The reduction potential of aurous gold was similar to that reported in Diaz et al. (1993) , who found it to be 0.437 V vs. SCE when [Au + ] = 0.244 mol m −3 , [Au 3+ ] = 0.085 mol m −3 , [NaCl] = 0.99 kmol m −3 ([Cl − ] = 0.99 M), and [HCl] = 0.01 kmol m −3 ([Cl − ] = 0.01 M) at T = 295 K. The increase in chloride concentration promoted the cathodic peak of aurous gold, therefore, it can be suggested that chloride concentration enhanced the dissolution of gold as aurous species. Further, the reduction of auric gold was observed at potentials of 0.58-0.75 V vs. SCE as well as a peak maximum at 0.66-0.72 V vs. SCE, see Fig. 9(b) . The reduction potential of auric gold was similar to that reported in Diaz et al. (1993) , who found that it occurred at 0.595 V vs. SCE. The increase in chloride concentration also promoted the cathodic peak of auric gold, therefore, it can be suggested that chloride concentration also enhanced the dissolution of gold as auric species. Fig. 9(a) and (b) show that the reduction peaks of aurous gold were larger compared to the reduction peaks of auric gold when [Cl − ] = 1-5 M; therefore, it can be suggested that gold dissolves mainly as aurous gold at potentials up to 0.85 V vs. SCE.
Effect of pH
The effect of pH on the gold dissolution rate and OCP was investigated and the results suggested that the gold dissolution rate was not affected by the pH in the range tested, see Fig. 10(a) . In addition, the OCP was shown to have a constant value at all pH values, see Fig. 10(b) . The dissolution rate was dependent on the mass-transfer conditions (rotational speed), whereas this did not affect the measured OCP.
Additionally, CV measurements were performed in a potential range between −0.5 and 1.0 V vs. SCE, when pH = 1-3, T = 20°C, and [Cl − ] = 3 M, in order to investigate the effect of pH on the anodic and cathodic peaks when the maximum potential of 1.0 V vs. SCE was kept constant, as presented in Fig. 11(a) . According to the results, pH was shown not to affect the gold dissolution rate under the investigated conditions. Similar results were achieved with the RDE and CV methods. Additionally, Fig. 11 (a) shows that the reduction peak of aurous gold was larger than the reduction peak of auric gold; therefore, it can be suggested that gold dissolves mainly as aurous gold also at potentials up to 1.0 V vs. SCE. The gold dissolution did not have any dependency on OCP in the investigated pH range, see Fig. 11(b) . However, it should be considered that the importance of the pH value is that it provides the conditions in which cupric ions and chloride complexes remain in soluble form (Abe and Hosaka, 2010; von Bonsdorff et al., 2005; McDonald et al., 1987) .
Conclusions
In this study, the effect of the process variables of temperature (28-95°C), cupric concentration (0.02-1.0 M), chloride concentration (1-5 M), rotational speed (100-2500 RPM), and pH (0.5-2.0) were investigated to determine their effect on the gold dissolution rate as well as the behavior of gold dissolution. To the best of the authors' knowledge, this was done for the first time over such a wide range and with these parameter intervals. The electrochemical methods used were linear polarization and Tafel methods as well as cyclic voltammetry using pure gold as a rotating disk electrode and stationary wire electrodes. An increase in the gold dissolution rate was observed with an increase in temperature, chloride concentration, and rotational speed. Further, the dissolution of both auric and aurous gold was promoted by increasing the chloride concentration. Gold was shown to dissolve mainly as aurous gold according to the gold reduction peaks at maximum potentials of 0.85 and 1.0 V vs. SCE regardless of the chloride concentration. Additionally, an increase in cupric concentration promoted the gold dissolution rate when [Cu 2+ ] = 0.02-0.75 M, although the gold dissolution rate decreased when the cupric concentration was increased from 0.75 to 1.0 M. However, the gold dissolution rate was not affected by the pH values.
The reaction mechanism was discussed according to the mixed potential theory. In the system, the dissolution of aurous gold represents an anodic reaction, while the reduction of cupric ion represents a cathodic reaction. An increase in temperature promoted the cathodic reaction rate at lower temperatures (28-55°C); however, the anodic reaction rate was enhanced notably at higher temperatures (i.e., 65-95°C). The cathodic reaction rate was enhanced with an increasing cupric concentration (0.02-0.5 M). When the cupric concentration was increased from 0.5 to 0.75 M, the anodic reaction was promoted. When the cupric concentration was increased from 0.75 to 1.0 M, the cathodic reaction rate decreased. However, the reason for this reduced gold dissolution rate is not clear. An increase in chloride concentration enhanced the cathodic reaction in the investigated range (1-5 M), since the OCP as well as the gold dissolution rate increased. Additionally, cupric ions form cupric chloride complexes at higher chloride concentrations with increased reduction potentials, which results in higher dissolution rates of gold. An increase in rotational speed (i.e., improved mass transfer) promoted the gold dissolution rate; however, the increase was the most significant at low rotational speeds. pH is the only parameter that did not affect the dissolution rate of gold directly, however, it has an inverse effect on oxidant concentrations. The conditions for maximizing the gold dissolution rate in cupric solution can 
